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Abstract 

There is always room for improvement when it comes to analytical chemistry, errors 
can be made smaller and measurements can be made more precise, but there is also a 
need for methods to be safe and cost-efficient, both with regard to money and time. In 
this project, an ISO method (ISO-13658, determination of zinc content) was compared 
with a modified method designed to improve working conditions and increase 
efficiency. 
 
Zinc concentrates from different mining areas in Sweden were analyzed with respect 
to zinc using direct complexometric titration with EDTA in a Metrohm 725-Dosimat 
titration device. The mining samples were prepared and analyzed with the modified 
method and the data was compared and evaluated with the results of another 
laboratory worker using the standard method. 
 
Statistical treatment of the data showed no significant difference between the two 
methods, nor could any difference in precision be observed. Repeatability calculations 
for in-house reference material resulted in a repeatability limit of 0.56%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



List of abbreviations 
 
ISO International Organization of Standardization 
EDTA Ethylenediaminetetraacetic acid 
HCl Hydrochloric acid  
HNO3 Nitric acid 
NH4Cl Ammonium chloride 
NH4OH Sodium hydroxide 
BTB Bromothymol blue 
MTB Methylthymol blue 
KNO3 Potassium nitrate 
pKa Acid dissociation constant 
Kf Formation/Stability constant 
K’f Conditional formation/stability constant 
Ksp Solubility product 
σ Standard deviation 
sr Standard deviation under repeatability conditions 
r Repeatability limit 
sp Pooled standard deviation 
MM Modified method 
SM Standard method 
 
(Abbreviations of elements were not included) 
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1. Introduction 

1.1 Titration 
Titration is a method where the amount of reagent needed to react with analyte is measured. 
If the amount is measured in volume, this is called volumetric analysis. In a titration the 
reagent, also called the titrant, is added until the desired reaction with the analyte has gone to 
completion. In theory, this point is called the equivalence point, which is where the exact 
amount of titrant has been added so that no free analyte exists as well as there being no excess 
titrant in the solution. In reality, what has been measured is the endpoint of the titration, which 
is detected by a change in an observable property of the solution. Thus, there is an inherent 
error when titrating, the titration error, which is the difference between the measured amount 
of titrant required to reach the endpoint of the reaction and the actual amount of titrant 
required to complete the stoichiometric reaction to reach the equivalence point.1 

 
Endpoints are generally determined by potential changes between two electrodes 
(potentiometric), light absorption of reactants and products with different color (colorimetric) 
or manually, with the help of an indicator. Indicators are compounds that bring forth an abrupt 
change in a property of the solution, usually color, near the equivalence point, which is brought 
on by either the consumption of analyte or the abundance of titrant.1 Different types of 
indicators will be described in the next section. 
 
There is a wide variety of titrimetric methods where the most commonly used are acid-base 
titration, redox (potentiometric) titration, complexometric titration and precipitation 
titration.2, 3, 4, 5 Acid-base titrations, which as the name suggests involves titration of acid 
and bases, allow for the construction of titration curves, which gives information about pH 
changes with added titrant, acid dissociation constants (pKa-values) of different substances as 
well as the isoelectric point. The endpoint for these titrations can be found with the help of 
both pH electrodes as well as acid-base indicators. These indicators are compounds that 
change color depending on their degree of protonation.2 Potentiometric titration is a 
method where the analyte and the titrant undergo a redox reaction, which allows for the 
measuring of the potential changes in a reaction, which is useful in the studies of oxidation 
states of elements. Using this method, the endpoint is most suitably found with a 
potentiometer or a redox indicator, giving a color change when undergoing a reaction between 
its oxidized and reduced state.3 Complexometric titration, which will be the method used 
in this experiment, is a titration where strong complexes are formed, usually between a metal 
ion and a ligand. A very common ligand is ethylenediaminetetraacetic acid (EDTA). 
Complexometric titration is widely used in order to measure metal concentrations and can 
quantitatively determine almost every metal. In order to determine the endpoint of a 
complexometric titration a metal ion indicator is used. These indicators form complexes with 
the free metal ions in the solution. Two necessary requirements for these titrations is that the 
metal-EDTA complex must have a different color than the free indicator and also that the 
indicator must form much weaker complexes with the metal than the metal-EDTA complexes.4 
Precipitation titration is a method where the titrant reacts with the analyte to form a 
precipitate. By knowing the amount of titrant added, the unknown amount of analyte can be 
calculated. During this type of titration, the endpoint can be made sharper by using precipitates 
with a small solubility product (Ksp), seeing as the equilibrium of these precipitation reactions 
lies far to the right. At the equivalence point, the concentration of titrant will increase due to 
the analyte being completely consumed in the reaction. A suitable way to determine the 
endpoint of a titration would be via potential measurements with the help of an electrode.5 

 
For EDTA titrations, different types of titration techniques can also be applied. In a direct 
titration, a standard EDTA solution is added directly to the sample until the endpoint has been 
reached. Back titration is another technique, which involves a known amount of EDTA being 
added in excess to the sample, whereupon the remaining EDTA is titrated with a standard of 
another metal ion. If possible, a direct titration should be used, but back titrations might be 



 

required if conditions are so that the analyte precipitates without the presence of EDTA or that 
the kinetics of the reaction are too slow. Another requirement for this is that the second metal 
ions must not form stronger complexes with EDTA than the analyte, which would result in the 
displacement of the analyte.4  
 

1.2 EDTA and metal complexes 
EDTA (figure 1) is very useful in analytical chemistry due its ability to form strong 1:1 
complexes with many metal ions. The reason it forms such strong complexes is because of the 
chelate effect. Metal ions and ligands form complexes via Lewis acid-base reactions where the 
metal ion is the Lewis acid and the ligand is the base, that is, the ligand donates an electron 
pair to the metal ion. Ligands can be monodentate or multidentate which describes by how 
many atoms a ligand binds to a metal ion where monodentate ligands bind via one atom and 
multidentate bind via many, the latter causing a ring structure to be formed. These ring 
compounds are known as chelates and the chelate effect is the increase in stability observed 
for complexes that are formed with multidentate ligands. EDTA is a polyaminopolycarboxylic 
acid, or rather, a hexaprotic system with six donor atoms which results in extremely strong 
complexes due to geometric stability. Additional stability is added when these donor atoms are 
oxygen and nitrogen which is why EDTA is so exceptional. 4, 6 

 

 
Figure 1. Structure of EDTA2+.(Harris D.C. Quantitative Chemical Analysis. 2010, 8th ed. p. 
240)7 

 
Metal ions that form complexes are divided into three groups, the first one consisting of cations 
with a noble gas configuration. Metal cations belonging to this group are the alkali and alkaline 
earth metals, as well as aluminum. The complex formation in this group is governed by 
electrostatic interactions, where small ions with high charge (fluoride, oxygen) form the 
strongest complexes. In the second group, cations with a full d subshell can be found, such as 
Cu+, Ag+, Zn2+ and Cd2+. The complex formation in this group is governed by the difference in 
electronegativity between the donor atom and the metal ion and complex stability increases 
with decreasing electronegativity of the donor atom, causing ammonia to form stronger 
complexes than the hydroxide ion. The third group consists of transition metal ions whose 
subshells are not full. Metal ions in this group show either characteristics of the first or the 
second group, however, the complex formation in this group is governed by ion charge, ion size 
and ionization potential of the ion. The metals that are of the highest interest are the series of 
transition metals Mn, Fe, Ni, Co, Cu and Zn. For this series, complex stability increases 
according to: Mn < Fe < Ni < Co < Cu > Zn due to the ionic radius of Cu being the smallest of 
the series as well as it having the highest ionization potential. This series is also known as the 
Irwing-Williams series.6  
 
 
 
 
 
 
 
 
Table 1. Formation constants for metal-EDTA complexes. (Harris D.C. Quantitative 
Chemical Analysis. 2010, 8th ed. p. 242, table 11-2.).8 



 

 
 

Zinc, which is the metal ion of interest in this experiment, forms extremely strong complexes 
with EDTA, with a complex formation constant (log Kf) of 16.5 (table 1). The formation 
constant, or stability constant, is an equilibrium expression that describes the reaction between 
EDTA4- and a metal ion. Thus, a large log Kf-value indicates that the reaction can be considered 
to go to completion, which is a critical property for a titration reaction.4 

Depending on the experimental conditions, this constant is more or less accurate. For instance, 
the pKa-value of the sixth proton in EDTA is 10.37. Thus, at pH-values below 10, most of the 
free EDTA will not exist in solution as EDTA4-. Thus, the conditional formation constant K’f is 
introduced. This constant treats all EDTA not bound to the metal ion as free EDTA, instead of 
only using the concentration of free EDTA4-.4, 9 Thus, lowering the pH makes the metal-EDTA 
complexes less stable, that is, it makes the conditional formation constant smaller due to a 
larger fraction of EDTA being in other species at lower pH. This results in poor endpoint 
detection and emphasizes the importance of pH-control during experiments.4 

1.3 Masking and demasking agents 
One drawback of complexation reactions with EDTA is that it forms strong complexes with 
nearly all transition metals. Therefore, it is of great importance to perform the titration using 
the right experimental conditions to make the complex formation as selective as possible. As 
previously mentioned, pH is a crucial factor, but another very useful tool is the use of 
masking and demasking agents. These agents are ligands that bind undesirable complexing 
agents, if present, strongly enough to keep them from forming complexes with the EDTA 
during the titration step. Masking agents can also be used to form strong complexes with the 
desired complexing agent, the analyte that is, so that the analyte does not precipitate.4, 10 
 
For example, F- under the right conditions masks a wide variety of metal ions (Al3+, Fe3+,  

Mg2+,  Cr3+, Mg2+, Ca2+, Sr2+, Ba2+, Ti4+) while thiosulphate (S2O3
-) under the right conditions 

masks other ions (Ag+, Fe3+, Pb2+, Cu2+, Au3+, Pt2+, Pd2+, Hg2+, Cd2+).11 

1.4 Statistics 
There are two distinct types of error in an experimental procedure: random and systematic. 
Gross error is excluded since such an error would render the entire experiment useless. 
Random errors are unavoidable, as well as unforeseeable, and cause measurements to vary in 
such a way, that values on both sides of the average value are observed. Such errors decrease 
the precision of the experiment. Systematic errors are consistently occurring errors; resulting 



 

in measurement values on only one side of the average value (i.e. all values are too high). The 
sum of all sources of systematic error is also called the bias of the values. The accuracy of an 
experiment is how close the measured values are to the true value.12, 13 
 
In order to determine whether there is a significant difference between two methods, a 
significance test is performed. These types of tests are usually used for detecting systematic 
errors, t-tests of different kinds in particular. However, there is also a test, an F-test, which 
compares the variances, of data sets. The variance is the square of the standard deviation, 
and thus provides an understanding of the random error involved in the data, and 
consequently, the precision of the measurement. If no significant difference can be found 
between variances of two data sets, the variances can be assumed to be equal, which allows 
for a specific t-test.14, 15 

 
The repeatability of an experiment is the spread in results when all variables during an 
experiment are held constant.  The reproducibility of an experiment is the spread in results 
in-between laboratories where the previously mentioned variables are all different. These two 
terms are of utmost importance during the development of new methods.16, 17 
 

1.5 Formulas and Equations 
 
1. Determining titre: Weight of Zn (mg) / Amount of EDTA (ml) = Titre factor (mg/ml) 

2. Calculating zinc concentration: EDTA (ml) * Titre Factor (mg/ml)) / Sample weight (mg) = 
Zinc concentration * 100 (%) 

3. Mean value: Xmean = (∑Xi) / n   where ∑Xi is the sum of all values and n is the number of 
samples 
 
4. Standard deviation (s) and variance (s2): s = ((Xi-Xmean)2/(n-1))1/2 and s2 = s * s 
 
5. Pooled variances (s2

p): s2
p = (((n1 - 1)s1

2 + (n2 - 1)s2
2) / (n1 + n2 - 2))1/2 

 

2. Aim 

The aim of this project was to determine whether there was any significant difference between 
the standard method ISO-13658 and the modified method, for determination of zinc in mining 
samples, and more so, to make an evaluation of the modified method. The formulation of the 
null hypothesis for this experiment thus became that no significant difference existed between 
the modified ISO-method and the standard ISO-method. 
 

3. Societal and Environmental Aspects 

Rönnskärsverken is part of the Boliden concern, which has a large focus on sustainability, both 
economically and environmentally. At Rönnskär, enormous amounts copper and other 
precious metals from electronic scrap are recycled, an undertaking which Rönnskär has 
become one of the leading facilities in the world at. The Rönnskär laboratory analyzes samples 
both from within the Boliden concern as well as commercial samples from various clients. 
Thus, it is crucial that the quality of the laboratory as well as the analyses that take place there 
is satisfactory, in order for the results to be trustworthy. With these requirements in place, it 
becomes obvious that method development and method validation is a vital part of any 
laboratory, seeing as chemical analysis can never be perfected. It can, however, be improved 
continuously, so that the demands of the clients can be met. 
 



 

4. Experimental 

First and foremost, it should be stated that all samples that were analyzed had undergone 
homogeneity tests to ensure that all samples taken out of any one batch should theoretically 
yield the same value. 

4.1 Standardizing the EDTA solution 
The endpoint of a titration is where a physical change can be observed in the sample. Since 
these titrations are done manually, changes such as shifts in color are subjective, and must be 
corrected for. Thus, each laboratory worker standardizes each batch of EDTA solution in 
order to get a personal value, or factor rather, which incorporates all of the human errors that 
occurs during the procedure. This factor is then used when concentrations are calculated at 
the end of the procedure. This was done by weighing pure zinc (99%), washed in HCl, in a 
range of 0.07-0.1 g into 250 ml beakers and preparing the samples according to the steps of 
both the standard method as well as the modified method that follows. It should be added 
that the preparation of the EDTA solution was performed by an experienced laboratory 
worker, but for each new batch, this standardization needs to be performed. 

4.2.1 ISO-13658 
In the standard method, 1.5 g of sample was weighed into a 500 ml volumetric flask. After 
that, 20 ml of concentrated hydrochloric acid (HCl) was added to the flask and the solution 
was boiled at 350 C to aid the complete dissolution of the metal. After boiling, 5 ml of Fe(III) 
solution (in concentrated hydrochloric acid) was added to the flask as well as 20 ml of 
concentrated nitric acid, and then the solution was boiled again. Upon removal of nitrous 
gases and the complete dissolution of the sample, 200 ml of distilled water was added to the 
flask, following the addition of ~15 g ammonium chloride (NH4Cl) as well as 50 ml of 
ammonium hydroxide (NH4OH) to precipitate the iron as hydroxides (Fe(OH)3). The 
solutions were swirled before they were boiled gently again, and after that, distilled water was 
added up to the 500 ml-mark and the flasks were cooled in a water bath at 20 C. 
 
The samples were then filtrated to remove the precipitated Fe(OH)3 and after that, 50 ml of 
the original 500 ml was pipetted out, with an automatic pipetting device, and diluted to 200 
ml with distilled H2O. Six to eight drops of bromothymol blue (BTB) was added, giving the 
solution a blue color and 1:1 HCl was added until the blue color disappeared (giving the 
solution a green-yellow color). This indicates a pH of approximately 5.5 which is the desired 
pH for this titration. Two masking solutions were then added, 20 ml of each. The first 
solution contained 200 g sodium thiosulfate (NaS2O3) and 350 g hexamethyltetraamine 
diluted to 2 L and the second contained 100 g ammonium fluoride (NH4F) diluted to 2 L.  
 
The samples were then placed in the Metrohm 725-Dosimat and methylthymol blue (MTB) 
mixed with potassium nitrate (KNO3) was added as an indicator, giving the solution a purple 
color. A magnetic bar was also added so that the samples could be stirred during the 
following titration with EDTA, which was added to the sample until no further shift in color 
could be observed, that is, the endpoint had been reached. The amount of EDTA needed to 
reach the endpoint was written down and the zinc concentration of the samples was then 
calculated. 

4.2.2 Modified method 
In the modified method, 0.15 g of sample was weighed into a 250 ml beaker. 10 ml of 
concentrated HCl was added to the beaker and the solution was boiled at 350 C with 
coverslips on all beakers. After boiling, 2.5 ml of Fe(III)-solution was added as well as 10 ml 
of concentrated HNO3 and the beakers were put back on stove for boiling. After the beakers 
had cooled down, 100 ml of distilled water was added, as well as ~7 g NH4Cl and 25 ml of 
NH4OH to precipitate the iron. The beakers were then boiled gently at 200 C before being 
allowed to cool. 



 

 
The samples were then vacuum-filtrated and transferred to 400 ml beakers with coverslips. 
During vacuum filtration, the Büchner flasks were thoroughly rinsed to minimize eventual 
losses of sample. Six to eight drops of BTB was added and after that, 1:1 HCl was added until 
the blue color of the solution disappeared (pH ~5.5). Upon the disappearance of the blue 
color, 20 ml of each of the two masking solutions were added and the edges of the beakers 
were thoroughly rinsed as to avoid any eventual losses. MTB mixed with KNO3 was added 
along with a magnetic stirring bar and the samples were then titrated with EDTA until the 
endpoint had been reached. The amount of EDTA was written down and the zinc 
concentration of the samples was calculated. 
 
 

5. Results and Discussion 

Before presenting any data, it would be wise to bring up the things that went wrong with the 
experiment as to have some background and being able to discuss and evaluate the data 
properly. 

5.1 Errors and some general chemistry 

Upon the addition of BTB in the modified method, the samples were supposed to be swirled 
rigorously while adding the 1:1 HCl. This was done to simulate the effect of a magnetic 
stirring bar. This caused some problems that were not present in the standard method. 
Seeing as the samples are diluted 10 times in the standard method (50 ml is taken out of 
500), the sample, as well as all of the reagents, is diluted. However, in the modified method, 
the sample weight is decreased by a factor of 10 whilst half the amount of all the reagents is 
added. This causes the samples in the modified method to contain five times more NH3 
which buffers the solution markedly better than the samples in the standard method. 

After vacuum filtration, the samples were highly alkaline, which means that a considerable 
amount of 1:1 HCl was needed in order to reach the desired pH where the color shift 
occurred. This resulted in very large volumes in the beakers, which made them very hard to 
swirl properly without spilling any sample, which in turn, resulted in a poor simulation of 
stirring. As an answer to this problem, a stronger acid was prepared, at a ratio of 4:1 HCl (100 
ml H2O and 400 ml concentrated HCl) which saved a lot of time and effort, but did not quite 
solve the problem of poor stirring, and ultimately resulted in a new problem. The pH 
indicated by the color shift was completely unreliable due to the fact that the pH of the 
samples was very sensitive in that range and the much stronger acid caused a gross surplus of 
H+ being added. This, in combination with the poor stirring, resulted in almost all samples 
prepared with this acid being rendered completely useless. The samples were examined using 
a pH-meter, which showed that many of the samples had a pH of about 1.  

After this problem was discovered, the samples were taken to a pH-meter where the correct 
pH was asserted by addition of acid (1:1 HCl) and base (NH3OH). As being within the proper 
pH-range is the most important factor when titrating, no data was acquired from these 
samples nor were they included in the report. The titre samples were prepared with the 
weaker acid and no precipitation was observed, however, the poor stirring could still have 
allowed for a pH-value outside the desired range, which would have consequences on the 
analysis, although more on that later. 

The highly acidic conditions of the samples resulted in a yellow precipitation forming upon 
addition of the first masking solution. This precipitation was most likely elementary sulfur, 
seeing as masking solution 1 contained S2O3

-, which is a reducing agent. At below neutral pH, 
thiosulfate easily oxidizes into sulfate and sulfur.18 



 

Another step where problems arose was the vacuum filtration. The strength of the vacuum 
varied widely from day to day, which made it an extremely time-consuming step as well as a 
source for potential losses. Poor vacuum suction resulted in many of the filter papers not 
being completely dry. This in combination with the inherent potential for losses when a 
sample is transferred from one container to another, which occurs twice in this step, makes it 
a step in the method which should be discussed thoroughly. Each container had to be 
carefully rinsed several times in order to minimize losses, which also added to the previously 
mentioned large volumes causing problems when swirling. A few samples were left overnight 
before vacuum filtration, which in hindsight was a grievous error, seeing as these samples 
measured much lower than the other samples. This is most likely due to the formation of zinc 
hydroxide, which is a very slow reaction due to the ammonia masking the zinc. This can be 
seen as a drastic decrease of the K’f of zinc hydroxide although it will not be reduced to zero. 
Thus, if left overnight, the reaction will still have time to occur to a significant extent.10 

These samples, along with all the other samples where a known error occurred, were 
excluded from the report. There was also a problem with a few samples where the 
precipitated iron hydroxides leaked through the filter paper, which might have been caused 
by eventual rips in the filter paper, but the decision was made to boil the samples more 
gently, at a lower temperature, to decrease the turbulence of the boiling and through that, 
allow for larger crystals to form. 

A large drawback of the modified method is that the analysis is performed on the entire 
sample. If the sample is spilled just before titration or over-titrated, a new sample has to be 
started from the beginning. The standard method only uses a tenth of the total sample size 
which allows for several mistakes to be made on the same sample before a new one has to be 
prepared. 

Another potential source of error is the precision of the scales, which were calibrated from 
day to day but still drifted in the range of ±0.0003 g, which granted would contribute only 
slightly to end results. 

5.2 Determining titre 
Three series of pure zinc solutions were prepared and analyzed and the first series will only 
get a mention seeing as large inexperience with both the method as well as the titration 
device made for large uncertainty. Ten titre samples were prepared and analyzed and the 
concentrations were calculated according to equation 1. An experienced laboratory worker 
had a factor of 4.528 whereas these values lay in the range 4.550-4.629 mg/ml. These values 
were not deemed satisfactory due to the large spread, seeing as values should preferably only 
differ by 0.2-0.3 mg/ml. No reference samples were analyzed in this series either which 
renders the data rather insignificant as not much information can be drawn from it. Three 
titre samples were then prepared alongside with two reference samples with both the 
standard method and the modified method. 
 
Table 2. Table displaying the determination of titre using the standard method, where the 
zinc weight together with the volume of EDTA allowed for calculation of zinc concentration. 

Standard method Weight (mg) EDTA (ml) Concentration (mg/ml) 
Titre 1 70.083 15.462 4.533 
Titre 2 72.120 15.886 4.540 
Titre 3 78.474 17.242 4.551 

 
 
 
Table 3. Table displaying the determination of titre using the modified method, where the 
zinc weight together with the volume of EDTA allowed for calculation of zinc concentration. 

Modified method Weight (mg) EDTA (ml) Concentration (mg/ml) 



 

Titre 1 87.228 19.166 4.551 
Titre 2 80.538 17.722 4.545 
Titre 3 93.358 20.410* 4.575 

*The titration vessel only holds 20.0 ml, thus it had to refill in order to proceed. 
 
The reference samples for the first series were 54.362 % zinc and 54.218 %, which is within 
the acceptable range of the material. These values were calculated according to equation 2. 
Calculation of the average concentration of the three samples in table 3 gave a mean of 4.541 
mg/ml. Titre was prepared using the standard method in order to determine whether there 
was any difference in the working procedures of the two laboratory workers. Preferably, a 
significance test would have been performed to determine this, however, only the average 
value of the laboratory workers titre was known, meaning that the number of measurements 
was unknown as well as the values of said measurements, making it impossible to calculate a 
standard deviation for the data set. However, with the titre value of the experienced lab 
worker being 4.528, this gives a difference of 0.013 mg/ml from the titre values in table 3, 
which indicates good correlation. Thus, the assumption was made that no significant 
difference between working procedures existed. As can be seen in table 3, concentrations 
acquired via the modified method were slightly higher, with a mean value of 4.557 mg/ml. 
Reference samples were 53.98 % and 53.50 %, the latter being outside of the acceptable 
range. The in-between sample variation (0.3 mg/ml) as well as the difference between 
method means (0.016 mg/ml) was within the required range and was approved of by the 
tutor. As can also be seen in table 2, “Titre 3” required a larger amount of EDTA than the 
titration device could hold at once. A refill during an analysis is never preferred, and sample 
weights are usually adapted after this fact, seeing as the titration error is doubled during such 
an occurrence. 
 
The series of samples that was started after this was a failed one, where some samples were 
rendered useless due to over-titration as well as precipitation leaking through the filter paper 
during the vacuum filtration. Large difference in between samples could be observed and in 
general, a considerable bias with many low values. When mentioning bias, the reported 
values obtained by laboratory workers are considered to be the true values of the samples, 
seeing as values cannot be reported unless the reference materials analyzed for that series is 
within the required margin. None of the reference samples for this failed series were inside 
the margin. Another series of titre and reference samples was started in order to determine if 
the acquired titre values could be repeated. It should also be mentioned that the weights are 
different in between samples on purpose, in order to avoid any eventual bias during the 
titration. That is, if two samples from the same batch are weighed in at exactly the same 
weight, there could be some bias during titration expecting that the samples should hold the 
same amount of EDTA even if in reality, the samples are inherently different due to the batch 
not being homogeneous or some error has occurred during analysis. 
 
Table 4. Series of titre and reference samples. 

 Weight (mg) EDTA (ml) Concentration 
(mg/ml) 

Titre 1 76.788 16.790 4.573 
Titre 2 87.128 19.170 4.545 
Titre 3 93.386 20.518* 4.551 

In-house 1 0.144 17.108 54.03 (%) 
In-house 2 0.148 17.576 54.15 (%) 
In-house 3 0.153 18.150 53.95 (%) 
In-house 4 0.149 17.522 53.48 (%) 

CZN-4 1 0.151 18.314 55.34 (%) 
CZN-4 2 0.151 N/A N/A 

This series yielded a mean titre value of 4.556 mg/ml, which is practically identical to the 
previous value (only differing 0.001 mg/ml) and all in-house reference samples were within 



 

the limits according to the control diagram, except “In-house 4”. This might be due to a spill 
that went unnoticed or that too much acid was added, seeing as this is the series where the 
previously mentioned precipitation occurred for the first time. Masking solution was added 
to all the samples and about 30 minutes later, precipitation occurred in CZN-4 2, making the 
sample impossible to proceed with. CZN-4 is certified reference material purchased 
specifically for this experiment which contains 55.24% zinc with a between-lab standard 
deviation of ±0.24%, meaning that “CZN-4 1” is also consistent with the expected values. 
With two series of nearly identical titre values as well as good correlation with both reference 
materials, sample analysis could be commenced. 

5.3 Sample analysis 
The mining samples analyzed in this experiment were zinc concentrates from different 
mining areas in Sweden. The table containing all the samples can be found in Appendix 1. 
The summary of the descriptive statistic data for each of the data sets separately can be seen 
below in table 5 and table 6. 
 
Table 5. Statistic data for the MM.                        Table 6. Statistic data for the SM. 

Modified method  Standard method 

     

Mean  
   
53.76  Mean 53.94 

Standard Error  
(2 replicates) 0.3  

Standard Error  
(2 replicates) 0.3 

Median 53.8  Median 54.0 

Standard Deviation 1.74  Standard Deviation 1.70 

Sample Variance 3.04  Sample Variance 2.90 

Range 8.77  Range 8.44 

Minimum 46.54  Minimum 46.99 

Maximum 55.31  Maximum 55.43 

Count 41  Count 41 

Confidence Level (95.0%) 0.55  Confidence Level (95.0%) 0.54 

 
The mean values of the data sets differ only slightly, with a difference of >0.2 (%), the 
standard deviation only differing by 0.04 (%). In order to determine whether a significant 
difference between the two methods exists, the changing variables of the experiment need to 
be taken into consideration. Since the assumption was made that no significant difference 
between the laboratory workers and their working procedures existed, and the samples being 
homogeneous, the only variable, besides the random error, is the variation between the 
methods. 
Observe that the standard deviations in the tables above are very similar, meaning that the 
variances, which are calculated by taking the square of the standard deviation, should also be 
similar. In fact, the variance values of the modified method and the standard method are 
3.04 and 2.90, respectively, as can be seen in table 7 below. An F-test was performed to test if 
the variances could be treated as equal, the null hypothesis being that no significant 
difference between the variances exist (σ1

2 = σ2
2). A one-tailed test was chosen, seeing as it 

was the only one available in the data analysis software. This should not be of any great 
importance, because the statistical observed F-value is the same for both one and two-tailed 
experiments but the critical value is always larger for two-tailed tests, due to it including both 
signs on the result. Thus, what is really tested is if the standard method is more precise than 
the modified method. 
 
 
Table 7. One-tailed F-test.  

F-Test Two-Sample for Variances  



 

   

  Variable 1 Variable 2 

Mean 53.76 53.94 

Variance 3.04 2.90 

Observations 41 41 

df 40 40 

F 1.05  

P(F<=f) one-tail 0.44  

F Critical one-tail 1.69   

 
Table 7 shows that the calculated F-value is 1.05 at a 95% confidence interval, which is lower 
than the critical value, at a probability much greater than 0.05 (0.44) allowing for the null 
hypothesis to be retained. Thus, the standard method cannot be said to be significantly more 
precise than the modified method and the variances can be considered to be equal. Thus, a 
two-tailed significance test assuming equal variances could be chosen for the comparison of 
the experimental mean values. A two-tailed t-test was chosen because the null hypothesis is 
rejected independently of which method is higher/lower than the other, with the null 
hypothesis being that no significant difference exists between the two methods. 
 
Table 8. Data table displaying the t-test for two sample means, assuming equal variances. 

t-Test: Two-Sample Assuming Equal Variances  

   

  Variable 1 Variable 2 

Mean 53.76 53.94 

Variance 3.04 2.90 

Observations 41 41 

Pooled Variance 2.97  

Hypothesized Mean Difference 0  

Df 80  

t Stat -0.47  

P(T<=t) one-tail 0.32  

t Critical one-tail 1.66  

P(T<=t) two-tail 0.64  

t Critical two-tail 1.99   

 
In table 8, the observed t-value (|t|=0.47) is less than the critical value, which allows for the 
null hypothesis to be retained. Keep in mind, that the two-tailed values are the ones of 
interest in this table. The critical value is t80=1.99 for P=0.05 and since P(|t|>0.47) = 0.64, 
which is a probability much greater than 0.05, the result is not significant at the 5% level. As 
a result of these tests, both null hypotheses were retained, meaning that no significant 
difference was observed between the methods, as well as no significant difference being 
found in the precision of the methods. Another way to illustrate the experimental data is with 
the correlation plot, as seen in figure 2.  
 



 

 
Figure 2. Correlation plot between the two data sets acquired with the standard method 
and the modified method. 
 
In figure 2, the standard method and the modified method data is given as the y- and x-
values, respectively, whereas the predicted Y is displayed along the trend line. Data points 
appear on both sides of the trend line, which points toward little to no bias. One sample, that 
is two data points, was excluded to increase the visibility of the data (sample 9361 I & II, 
values ~47%). The full diagram, containing all the data points can be found in the appendix 
(7.2). It should be remembered that the average values of the standard method data was 
used. Correlation factor between the data sets was 0.99, which is a more than satisfactory 
result. 
 
In order to determine the repeatability of the experiment, the in-house reference material 
was used. No reproducibility calculations could be performed for obvious reasons. Nine 
reference samples were prepared and analyzed under repeatability conditions, giving a 
repeatability limit according to equation 3: 
 
  r = 2.8 * sr           (3) 
 
In equation 3, r is the repeatability limit, 2.8 is a constant and sr is the standard deviation of 
the data set under repeatability conditions. In table 9, it can be seen that two reference 
samples were below the control diagram margin, but that the mean value of the data is within 
the margin. 
 
Table 9. Nine reference samples prepared under repeatability conditions. 

Reference sample Zinc conc. (%) 
1 53.98 
2 53.50* 
3 54.03 
4 54.15 
5 53.95 
6 53.65* 
7 53.96 
8 53.83 
9 53.85 

*Outside of the margins of the control diagram. 
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The standard deviation for the data set was calculated to be 0.199 % (~0.2 %) which results in 
the repeatability limit: 
 
2.8 * 0.2 % = 0.56 % = r 
 
The importance of reproducibility and repeatability cannot be stressed enough, since these 
two terms lie at the foundation of chemical analysis and thereby also, the foundation of the 
scientific community. A result acquired from an experiment is utterly worthless unless the 
result can be repeated by others. Granted, every experiment is subject to varying results 
depending on numerous factors, but it is still crucial to show that the acquired results are 
reproducible and repeatable. If these factors were not considered, it would be extremely easy 
to falsify results and/or withhold information about the experiment in order to achieve the 
desired results. However, this would completely halt the development of new methods, since 
there would be no way of determining if the results were acquired through sound 
experimental design or just by sheer luck.  
 

6. Conclusions 

The modified method was initially designed to improve working conditions for the work 
force. Large amounts of manual pipetting as well as the shaking of filled volumetric flasks 
caused shoulder injuries. However, an automatic pipetting device has since been purchased, 
improving working conditions considerably. As seen from a pure analytical perspective, there 
is little reason to switch from the standard method to the modified method, seeing as the 
current method is working well and the modified method showed no significant improvement 
in precision, in fact, the spread is smaller for the standard method data set. The modified 
method seemed promising at first, but poor vacuum conditions as well as the requirement of 
pH-adjustment with a pH-meter for each sample contributed significantly to the workload.  
Thus, the modified method ended up being more time-consuming and less efficient than the 
current method. If vacuum conditions could be improved as well as better working position 
provided, along with glassware so that 8-10 filtrations could be performed simultaneously 
(only three at a time was possible during this experiment), a more valid case could be made 
for the modified method. Thus, even though the methods do not differ significantly, the 
current method is better both in efficiency as well as in terms of working conditions and is 
advised to be retained. 
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8. Appendix 

8.1. Complete table of all the experimental data. 
Sample 
number 

Weight 
(g) 

EDTA 
(ml) 

Concentration 
(%) 

Reported 
value (%) 

9359 1 0.1421 16.736 53.67 53.79 
9359 2 0.1485 17.398 53.39 53.79 
9360 1 0.1461 17.734 55.31 55.43 
9360 2 0.1522 18.434 55.19 55.43 
9361 1 0.1481 15.144 46.60 46.99 
9361 2 0.1426 14.562 46.54 46.99 
9381 1 0.1524 18.150 54.27 54.71 
9381 2 0.1479 17.734 54.68 54.71 
5511 2 0.1527 18.379 54.84 55.05 
5512 2 0.1437 17.258 54.73 55.04 
5513 1 0.1511 18.204 54.90 55.30 
5513 2 0.1509 18.200 54.96 55.30 
5514 1 0.1493 17.912 54.67 54.57 
5514 2 0.1467 17.586 54.63 54.57 
5515 1 0.1496 17.966 54.73 54.93 
5515 2 0.1465 17.592 54.72 54.93 
5516 1 0.1483 17.850 54.85 54.81 
5516 2 0.1522 18.126 54.27 54.81 
5517 1 0.1450 17.384 54.63 54.85 
5517 2 0.1470 17.670 54.78 54.85 
5518 1 0.1438 17.158 54.37 54.76 
55251 0.1825 18.022 53.75 53.83 
5525 2 0.1454 17.122 53.66 53.83 
5526 1 0.1526 18.006 53.77 53.75 
5526 2 0.1420 16.726 53.68 53.75 
5527 1 0.1493 17.560 53.60 53.54 
5527 2 0.1505 17.712 53.63 53.54 
5528 1 0.1472 17.356 53.73 53.63 
5528 2 0.1487 17.512 53.67 53.63 
5529 1 0.1441 16.948 53.60 53.87 
5529 2 0.1446 17.002 53.58 53.87 
5530 1 0.1483 17.496 53.76 53.96 
5530 2 0.1414 16.572 53.41 53.96 
5531 1 0.1446 17.034 53.68 53.57 
5531 2 0.1491 17.484 53.45 53.57 
5532 1 0.1461 17.364 54.16 54.23 
5532 2 0.1520 18.000 53.96 54.23 
5533 1 0.1443 17.050 53.84 53.76 
5533 2 0.1473 17.352 53.68 53.76 
5534 1 0.1498 17.594 53.52 53.87 
5534 2 0.1519 17.824 53.47 53.87 

 
 
 
 
 
 
 



 

8.2 Correlation plot of data with all points included. 
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